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Description

FIELD

[0001] Embodiments described herein relate to sys-
tems and methods for segmenting a satellite field of view
for detecting radio frequency signals. More particularly,
embodiments described herein relate to systems and
methods for segmenting a low earth orbit satellite field
of view for receiving Automatic Identification System sig-
nals.

BACKGROUND

[0002] The Automatic Identification System (AIS) is a
short-range (typically 20-46 nautical miles) tracking sys-
tem used by ships and terrestrial marine traffic monitoring
stations for identifying and locating ships. Each ship has
an AIS transponder that automatically broadcasts short
messages (up to 256 bits) at regular intervals. These
messages may include information about the ship’s iden-
tity, such as IMO number, call sign and name, UTC time,
length, location, course over ground, speed over ground,
and other details about the ship, its movement or cargo.
The messages are received by AIS transponders fitted
on other ships or land-based monitoring stations. The
frequency at which a ship transmits AIS messages is
based on the state of the ship’s motion. For example,
ships that are anchored or are moving slowly transmit
less frequently than those that are moving faster or are
maneuvering.
[0003] AIS messages are typically transmitted on one
or both of two Very High Frequency (VHF) channels cen-
tered at 161.975 MHz and 162.025 MHz and use 9600
bits/s Gaussian minimum shift keying (GMSK) modula-
tion over 25 or 12.5 kHz channels using the High-level
Data Link Control (HDLC) protocol. However, it will be
evident to a person of skill in the art that future global and
regional AIS systems may make use of additional fre-
quencies. In the usual mode of operation, ship transmis-
sions alternate between the two channels on a per trans-
mission basis.
[0004] To ensure that VHF transmissions of different
AIS transponders do not occur at the same time, the sig-
nals are time multiplexed using a technology called Self-
Organizing Time Division Multiple Access (SOTDMA).
Under SOTDMA each minute of time is divided into 2,250
equal time slots of 26.67 ms each. With a transmission
speed of 9600 bits/s this translates into 256 bits per times-
lot.
[0005] The time slots are typically synchronized accu-
rately to Coordinated Universal Time (UTC) typically us-
ing Global Positioning System (GPS). Each AIS trans-
ponder determines its own transmission slot based upon
the signal levels of AIS messages received from other
ships and knowledge of future actions by other ships.
Specifically, slot election by an AIS transponder is rand-
omized within a defined internal, and tagged with a ran-

dom timeout of between 0 and 8 frames. When a ship
changes its slot assignment, it announces both the new
location and the timeout for that location. This self-organ-
izing feature avoid signal collisions over the short ranges
involved in surface transmissions and permits many
ships to share the AIS frequencies efficiently.
[0006] The use of two AIS channel allows for up to
4500 messages per one-minute time frames. This ca-
pacity is relevant for a self-organized region determined
by the broadcast range of the ship transponders (typically
20-46 nautical miles in radius). Where there are more
ships in a particular broadcast range, the transponders
will automatically reduce their receive range to reduce
the size of the SOTDMA region. Specifically, under the
SOTDMA CS protocol used with Glass-B AIS transpond-
ers, a ship’s transponder will start-up with a low signal
level threshold of -107 dB. This means that the ship will
accept or receive AIS signals with a signal level of -107
dB or greater. If a ship is unable to find an empty slot with
this particular low signal level threshold (e.g. there are
too many ships in this receive range), then the ship’s
transponder will incrementally step up the low signal level
threshold until the transponder is able to find a free slot,
or the low signal level threshold reaches -77 dB. In prac-
tice, this threshold is offset by a further 10 dB from the
actual measured signal level. Class-A AIS transponders
also co-ordinate their transmissions in a similar fashion,
using received transmissions from other ships as well as
shore-based AIS stations to utilize pre-allocated time
slots that assigned to particular ships while within range
of the shore-baaed AIS station. It should be noted that
charges to the low signal level threshold do not affect the
transmit range, as transmit power level is hot changed.
In most cases the transmitter power is fixed at about 2
W for Class-B, and 12.5 W for Class-A AIS transponders.
[0007] The use of AIS is now mandatory on all ships
with a gross tonnage of 300 or more tons engaged on
international voyages, and all passenger ships regard-
less of size or tonnage. If is estimated that more than
40,000 ships carry AIS equipment AIS was originally con-
ceived as on aid to navigation and safety, and also has
potential security applications for monitoring maritime
traffic. AIS signal detection could be achieved using
coastal/ground stations, but the limited range of the VHF
signals would require such coastal/ground stations to be
situated at many locations along the coast, and even
then, they could only monitor the immediate coastal re-
gion.
[0008] US patent US 6,522,643 describes an appara-
tus and method for assigning communication resources
in a beam-hopping cellular communication system. A
multiple beam antenna is used that covers a number of
cells greater than a number of available beams. A fre-
quency is selected for each beam of the multi beam an-
tenna, a dwell time is computed for each cell based on
the traffic estimates for each cell and the number of avail-
able beams, and a cell hopping sequence is selected for
each beam. The document "Space-based AIS receiver
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for maritime traffic monitoring using interference between
messages from different ships when large areas are with-
in field of view of detection. This is achieved by combining
signals from three orthogonal dipoles, allowing the sup-
pression of interfering signals.
[0009] US Patent Application US2008/0268775 de-
scribes a beam forming system and method for use in a
satellite communication system using orbiting satellites
to transfer signals. The beam forming system can be
used to both receive and transmit. The system receives
samples of a number of signals, each sample containing
a band of frequencies, and routes signals associated with
the same beam form frequency band to a predetermined
processing block where signals are selected sequentially
according to predetermined criteria, weighted and accu-
mulated to form a composite signal. US Patent Applica-
tion US2010/0117903 describes methods for operating
a transceiver in which a plurality of gain constraint values
are used to generate antenna feed element weights in
order to form an antenna beam to a particular geographic
region. Again this document relates to antenna commu-
nication systems. The publication "Space-based AIS for
global maritime traffic monitoring" by Hoyle et al (Acta
Astonautica, Pergamon Press, vol. 62, no. 2-3, 27 No-
vember 2007, pages 240-245) describes the possibility
of extending universal shipborne AIS to space for global
maritime surveillance, and gives suggestions for how the
system can be optimized for long-range identification and
tracking.

SUMMARY

[0010] The invention is defined in the claims to which
reference is now directed. Embodiments described here-
in relate generally systems and methods for segmenting
a satellite field of view for detecting radio frequency sig-
nals. More particularly, embodiments described herein
relate to systems and methods for segmenting a low earth
orbit satellite field of view for receiving Automatic Identi-
fication System signals.
[0011] In one broad aspect there is provided a system
for detecting radio frequency signals from space using a
satellite, the system comprising: (a) at least two sensors,
each sensor for (i) receiving a plurality of radio frequency
signals, each signal comprising a plurality of messages;
and (ii) outputting a sensor signal that is representative
of the plurality of signals; (b) a processing unit for: (i)
combining the sensor signals into an initial set of math-
ematical combinations to produce a plurality of zone sig-
nals representing zones that segment the field of view of
the satellite system and (ii) combining the sensor signals
into adjusted mathematical combinations to produce a
plurality of zone signals representing zones having ad-
justed characteristics. The system further comprises a
controller for (i) adaptively selecting the adjusted math-
ematical combinations based on characteristics of the
zone signals produced by the processing unit; and (ii)
outputting a control signal relaying the adaptively select-

ed adjusted mathematical combinations to the process-
ing unit. The system further comprises at least one re-
ceiver for separately processing the zone signals to ex-
tract one or more of the plurality of messages contained
in the zone signals produced by combining the sensor
signals into the adjusted mathematical combinations.
The radio frequency signals are automatic identification
system (AIS) signals sent by ships and each zone of the
zone signals that are produced by mathematically com-
bining the sensor signals has a number of ships less than
a receiver detection threshold.
[0012] In one aspect there is provided a method for
detecting radio frequency signals from space using a sat-
ellite, the method comprising: a) each of a plurality of
sensors receiving a plurality of radio frequency signals,
each signal comprising a plurality of messages; b) each
of the plurality of sensors outputting a sensor signal rep-
resentative of the received signals; c) selecting an initial
set of mathematical combinations of the sensor signals;
d) combining the sensor signals into the initial set of math-
ematical combinations to produce a plurality of zone sig-
nals that segment the filed of view of the satellite; e) adap-
tively selecting adjusted mathematical combinations
based on the characteristics of the zone signals produced
by combining the sensor signals into the initial set of
mathematical combinations; f) combining the sensor sig-
nals into the adjusted mathematical combinations to pro-
duce a plurality of zone signals representing zones hav-
ing adjusted characteristics; and g) processing the zone
signals to extract one or more of the plurality of messages
contained in the zone signals produced by combining the
sensor signals into the adjusted mathematical combina-
tions. The radio frequency signals are automatic identi-
fication system (AIS) signals sent by ships, and each
zone of the zone signals produced by mathematically
combining the sensor signals has a number of ships less
than receiver detection threshold.
[0013] Further aspects and advantages of the embod-
iments described herein will appear from the following
description taken together with the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] For a better understanding of embodiments of
the systems and methods described herein, and to show
more clearly how they may be carried into effect, refer-
ence will be made, by way of example, to the accompa-
nying drawings in which:

FIG. 1 is a schematic diagram of an AIS processing
system including a low earth orbit satellite and a
ground-station;
FIG. 2 is schematic diagram illustrating exemplary
low earth orbit satellite fields of view:
FIG. 3 is a schematic diagram illustrating an exem-
plary low earth orbit: satellite field of view covering
multiple SOTDMA cells;
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FIG. 4 is a graph illustrating the probability of a ship
being detected by a low earth orbit satellite using a
standard AIS receiver as a function of the number
of ships in the field of view during a 10 minute period;
FIG. 5 a block diagram of the low earth orbit satellite
of FIG. 1 including a processing unit and a controller
in accordance with a first embodiment;
FIG. 6 is a graph illustrating a first non-linear function;
FIG. 7 is a graph illustrating a second non-linear func-
tion;
FIG. 8 is a schematic diagram illustrating a first ex-
emplary zone pattern generated by the low earth or-
bit satellite of FIG. 5;
FIG. 9 is a schematic diagram illustrating a second
exemplary zone pattern generated by the low earth
orbit satellite of FIG. 5;
FIG. 10 is a schematic diagram illustrating a low earth
orbit satellite with three sensors;
FIG. 11 is a schematic diagram illustrating a zone
pattern generated from the sensors signals output
by the three sensors of FIG. 10;
FIG. 12 is a block diagram of the processing unit of
FIG. 5 including a zone generator in accordance with
an embodiment;
FIG. 13 is a block diagram of the zone generator of
FIG. 12 in accordance with an embodiment;
FIG. 14 is a block diagram of the controller of FIG.
5 in accordance with a first embodiment;
FIG. 15 is a block diagram of the controller of FIG.
5 in accordance with a second embodiment;
FIG. 16 is a block diagram of the low earth orbit sat-
ellite of FIG. 1 in accordance with a second embod-
iment; and
FIG. 17 is a flowchart diagram of a method for seg-
menting a low earth orbit satellite field of view in ac-
cordance with at least one embodiment.

[0015] It will be appreciated that, for simplicity and clar-
ity of illustration, elements shown in the figures have not
necessarily been drawn to scale. For example, the di-
mensions of some of the elements may be exaggerated
relative to other elements for clarity. Further, where con-
sidered appropriate, reference numerals may be repeat-
ed among the figures to indicate corresponding or anal-
ogous elements.

DETAILED DESCRIPTION

[0016] It will be appreciated that numerous specific de-
tails are set forth in order to provide a thorough under-
standing of the exemplary embodiments described here-
in. However, it will be understood by those of ordinary
skill in the art that the embodiments described herein
may be practiced without these specific details. In other
instances, well-known methods, procedures and compo-
nents have not been described in detail so as not to ob-
scure the embodiments described herein. Furthermore,
this description is not to be considered as limiting the

scope of the embodiments described herein in any way,
but rather as merely describing the implementation of the
various embodiments described herein.
[0017] Standard AIS transponders typically have a hor-
izontal range that is highly variable but is typically limited
to about 46 nautical miles (85 km). The vertical range of
standard AIS transponders is, however, much greater
and typically extends beyond the 400 km orbit of the in-
ternational Space Station (ISS). Accordingly, AIS signals
can be received and detected using low earth orbit (LEO)
satellites.
[0018] Reference is now made to FIG. 1, which illus-
trates an AIS processing system 10 including a LEO sat-
ellite 12 and a ground station 14 for receiving and decod-
ing AIS signals in accordance with an embodiment. FIG.
1 illustrates numerous ships 16 that each has an AIS
transponder 18 for transmitting AIS signals that are re-
ceived by the LEO satellite 12.
[0019] Typically, a given ship 16 will transmit AIS sig-
nals over two or more narrowband (i.e. 25 kHz) VHF
channels. Examples of AIS VHF channels include AIS 1
at 161.975 MHz, AIS 2 at 162.025 MHz, and US AIS at
157.375 MHz. However, a person of skill in the art will
understand that various other radio frequency channels
could be used. For example, various regulatory bodies
are currently studying new AIS frequencies for potential
space-based and regional use.
[0020] To transmit the signal, the transmitting unit of
the AIS transponder 18 employs a 9.6 kbps Gaussian
minimum shift keying (GMSK) modulation, which is com-
monly known to imply that the AIS signal will be contained
within a 14 kHz bandwidth. The LEO satellite 12 is
equipped with at least once VHF antenna and receiver
the AIS signal transmitted by the ship 16. The LEO sat-
ellite 12 travels at a high velocity and consequently the
AIS signal received by the LEO satellite 12 undergoes a
Doppler shift. For example, a LEO satellite in a 700 km
circular orbit travels at about 7,500 m/s resulting in a Dop-
pler shift of up to +/- 3.64 kHz at VHF frequencies.
[0021] The AIS signals received by the LEO satellite
12 will have a range of amplitudes, depending on the
location of the ship 16 and its angular position as seen
by the LEO satellite 12. Generally, the transmitting an-
tenna used in the AIS transponder 18 of a given ship 16
does not radiate directly upwards, and this creates a re-
ception hole directly underneath the LEO satellite 12.
However, for most of the FOV (field of view) of the LEO
satellite 12, the radiation patterns of the transmitting an-
tenna of the AIS transponder 18 tend to balance the re-
duced signal strength caused by increased range, and
the range of received signal amplitudes is relatively mod-
est, and is most likely less than 1.0 dB for most of the
FOV of the LEO satellite 12.
[0022] In some embodiments, the received AIS signals
are processed at the LEO satellite 12 by an on-board
receiver unit. The extracted messages are then down-
linked to the ground station 14. In other embodiments,
the LEO satellite 12 pre-processes all of the received AIS
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signals to create digital input data, which is downlinked
to the ground station 14 where the digital input data is
processed by a receiver unit.
[0023] In alternative embodiments, there may be more
than once LEO satellite 12 that receives and pre-proc-
esses, or detects and decodes, the AIS signals. In addi-
tion, or alternatively, one or more ground station 14 may
be used to decode the pre-processed AIS signals. In an-
other alternative, the processing required for detection
and decoding can be separated between the LEO satel-
lite 12 and the ground station 14, this scheme can also
be expended to the cases in which there is more than
one LEO satellite 12 and one ground station 14, one LEO
satellite 12 and more than one ground station 14, or more
than one LEO satellite 12 and more than one ground
station 14. Accordingly, in these cases, data can be trans-
mitted between the LEO satellite(s) and ground station(s)
for processing in a variety of fashions. For simplicity, the
embodiments described herein are with regards to a sys-
tem with one LEO satellite 12 and one ground station 14,
but the processing methodology can be expended to sev-
eral LEO satellites and/or several ground stations. It is
also conceivable that data inter-satellite links (ISL)
amongst a constellation of LEO satellites could be em-
ployed. However, this is a very costly and complex ap-
proach, and, in practice, distribution of data via the ter-
restrial network is likely to be employed.
[0024] The AIS was initially designed for ship-to-ship
and ship-to-shore aid to navigation and communication.
Accordingly, satellite-based AIS systems have a unique
set of issues. Specifically, the large field of view (FOV)
of a LEO satellite means that the LEO satellite may re-
ceive signals from a large number of ships at once. This
is particularly true as the LEO satellite passes over high
volume shipping areas, which typically results in a large
number of AIS signals colliding or overlapping with one
another. Furthermore, the large FOV of a LEO satellite
means that ships in the FOV may be very far from each
other and at great distances the SOTDMA communica-
tion method is not effective at avoiding signal collisions.
Propagation delays also affect accurate time synchroni-
zation.
[0025] Reference is now made to FIGS. 2 and 3. FIG.
2 illustrates typical fields of view 202 and 204 of LEO
satellites. FIG. 3 illustrates a typical field of view 302 of
a LEO satellite covering multiple SOTDMA cells 304.
[0026] Therefore, one problem encountered in LEO
satellite-based AIS detection is that many of the AIS sig-
nals sent by ships will collide or overlap with one another.
For example, it is estimated that there may be 2,000 ships
in the FOV of a LEO satellite in moderate traffic areas.
Each ship will typically send 10 AIS position reports per
minute so for 2,000 ships a LEO satellite will receive
20,000 AIS signals per minute. This is a very large
number compared to the number of available time slots
(i.e. 4,500 across both VHF channels) and as a result,
many AIS signals will collide with one anther. According-
ly, the higher number of ships in the FOV, the higher

number of collisions, and the more difficult it is for the
LEO satellite to accurately detect the AIS signals.
[0027] Reference is now made to FIG. 4 which illus-
trates the probability of a ship being detected by a LEO
satellite using a standard AIS receiver as a function of
the number of ships in the FOV during a 10 minute period.
It can be seen from FIG. 4 that the detection performance
drops to 35% where there are about 1.100 ships in the
FOV during a 10 minute period. Accordingly, it appears
that the detection threshold for a standard AIS receiver
is 800 to 1000 ships in the FOV. Once this threshold is
exceeded, the probability of detection drops dramatically.
In busy shipping areas of the ocean, the number of ships
in the FOV can easily exceed this number. For example,
it is estimated that even for the mid-Atlantic area, which
is characterized as having a moderate amount of ship-
ping traffic, there are approximately 2,500 to 3,000 ships
in a typical LEO satellite’s FOV.
[0028] Accordingly, the performance of satellite-based
AIS processing systems may be enhanced by dividing
the large satellite FOV into a number of smaller segments
so that the number of ships in each segment is less than
the threshold. The segments are designed to cover the
entire FOV so that the coverage area of the satellite is
not reduced.
[0029] One known method of segmenting a satellite’s
FOV is to use classic phased arrays or feed arrays to
form a large number of non-ambiguous spot beams. The
goal is for each spot beam to have as uniform a radiation
pattern as possible, typically maximizing energy received
in the main lobe of each beam and reducing or eliminating
side lobe energy. Major disadvantages of this solution
include the high complexity and cost, and specifically for
spaced-based applications, the size and mass.
[0030] Accordingly, there is a need for cost-effective
and simple systems and methods for segmenting a sat-
ellite’s FOV.
[0031] Reference is now made to FIG. 5 which is a
block diagram of a LEO satellite 12 in accordance with
a first embodiment. The LEO satellite 12 has a plurality
of sensors and each sensor receives AIS signals trans-
mitted by a plurality of ships 16 and outputs a sensor
signal representative of the received AIS signals. The
sensor signals are mathematically combined to produce
a plurality of zone signals. The zone signals segment the
sateillte’s FOV into a plurality of zones. The zone signals
are then separately processed to extract the AIS mes-
sages contained therein. In the embodiment shown in
FIG. 5, the LEO satellite 12 includes two sensors 502
and 504, a processing unit 506, a receiver 508 and a
transmitter unit 510.
[0032] Each sensor 502 and 504 receives a plurality
of AIS signals from the ships 16 and produces a sensor
signal that is representative of the received AIS signals.
The sensor signal then forwarded to the processing unit
506 for zone processing. In some embodiments, the sen-
sors 502 and 504 are RF (radio frequency) antennas. In
these embodiments, the sensors 502 and 504 may be
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any type of RF antenna suitable for use on a LEO satellite.
For example, the sensors 502 and 504 may be monopole
antennas, patch antennas or helical antennas. Each an-
tenna may be of the same type or different types. For
example, one sensor (i.e. sensor 502) may be a patch
antenna, and another sensor (i.e. sensor 504) may be a
helical antenna.
[0033] In one embodiment, the sensors 502 and 504
are Very High Frequency (VHF) antennas configured to
receive all AIS channel signals. In one embodiment, each
sensor 502 and 504 is configured to receive AIS signals
transmitted over AIS 1, AIS 2 and US AIS channels. In
other embodiments, each sensor 502 and 504 is config-
ured to receive AIS signals transmitted over AIS 1 and
AIS 2 channels and one or more dedicated satellite AIS
channels to be allocated.
[0034] In some embodiments, the sensors 502 and 504
are spatially separated from one another so that they
receive different versions of the same signal. In some
cases the sensors 502 and 504 are spatially separated
on the same LEO satellite. (i.e. LEO satellite 12). In other
cases the sensors 502 and 504 are situated on at least
two different satellites that form a satellite cluster.
[0035] In other embodiments, the sensors 502 arid 504
may be polarized in a different manner. In some cases,
the antennas may have different circular polarizations.
For example, one sensor (i.e. first sensor 502) :may be
an antenna that has a right circular polarization, and an-
other sensor (i.e. second sensor 504) may be an antenna
that has a left circular polarization. In other cases, the
antennas may have different linear polarizations. For ex-
ample, one sensor (i.e. first sensor 502) may be an an-
tenna that has a linear vertical polarization, and another
sensor (i.e. sensor 504) may be an antenna that has a
linear horizontal polarization. In still other cases, the sen-
sors 502 and 504 may be antennas that have a mix of
linear, elliptical (between linear and circular) and circular
polarizations.
[0036] The processing unit 506 receives the plurality
of sensor signals generated by the sensors 502 and 504
and mathematically combines them to produce a plurality
of zone signals. The phrase "mathematical combination
will be used herein to describe a simple mathematical
combination of two or more sensor signals. Each math-
ematical combination may be formed by (i) weighting or
amplifying one or more of the sensor signal and/or (ii)
adjusting the phase of one or more of the sensor signals;
and/or (iii) applying a delay to one: or more of the sensor
signals; and/or (iv) applying a transfer function to one or
more of the sensor signals; and (v) summing the ampli-
fied, phase shifted, delayed, and/or transferred sensor
signals to produce a zone signal.
[0037] A transfer function is any function that has a
defined output for a given input. The transfer function
may apply linear or non-linear polynomials or algorithms
such as a neural network. Reference is now made to
FIGS. 6 and 7, which illustrate exemplary non-linear
transfer functions that may be applied by the processing

unit 606. Specifically, FIG. 6 illustrates a first exemplary
non-linear transfer function 602 and FIG. 7 illustrates a
second exemplary non-linear transfer function 702.
[0038] Where there are more than two sensors, thus
more than two sensor signals, each mathematical com-
bination does not have to include all of the sensor signals.
For example, where there are four sensors, and thus four
sensor signals, some mathematical combinations may
be formed from only two of the sensor signals, whereas
other mathematical combinations may be formed from
all four sensor signals.
[0039] Unlike typical phased-arrays, which have a
fixed number of valid signal combinations, there is virtu-
ally an unlimited number of suitable mathematical com-
binations for the systems and methods described herein.
In some embodiments, the processing unit 506 may start
with an initial number of mathematical combinations and
increase or decrease the number of mathematical com-
binations based on the performance of the initial number
of mathematical combinations. The processing unit 506
typically generates at least two mathematical combina-
tions.
[0040] Each zone signal represents a portion of the
FOV of the LEO satellite 12 Specifically each zone signal
represents a zone that is a segments of the FOV of the
LEO satellite 12. In some embodiments, the zones seg-
ment the FOV of view by area such that the area of each
zone is less than the area of the FOV. In other embodi-
ments, the zones may segments the FOV by polarization,
or any other suitable characteristic.
[0041] In traditional beam-forming (typically done us-
ing classic phased arrays) the objective is to form one or
more beams with well defined characteristics. For exam-
ple, the beams may be formed to have a consistent gain
and polarization. In some cases one beam is formed and
the weighing is adjusted for tracking purposes. In other
cases multiple beams are formed through phasing (i.e.
phase offsets). This can be contracted from the zone-
forming described herein. Specifically, the purpose of the
zone-forming is not to define a particular beam or to track
a. particular signal, but to create a strong set of zone
signals that will increase the number of AIS messages
decoded. Accordingly, it can be said that zone-forming
is results-based.
[0042] In most traditional phased array applications it
is important that the characteristics (i.e. shape, size, cov-
erage area) of each beam be well defined. For example,
if the characteristics of the beams are well defined, know-
ing which beam the received signal came from may in-
dicate the location of the source of the signal. Since AIS
messages typically include information indicating the lo-
cation of the transmitting ship it is not important to be
able to determine the location of the source of the signal
from the zone characteristics. Accordingly, in the sys-
tems and methods described herein the exact character-
istics (i.e. shape, size, coverage area) of each zone need
not be well defined. More particularly, in the systems and
methods described herein the goal of the zone-forming
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process is not to generate zones with certain predeter-
mined characteristics (e.g. shape, directivity, etc.), nor is
it to generate a number of well-defined and non-overlap-
ping zones. In contrast, the goal of the zone-forming
processing is to segment the FOV into a plurality of zones
that will maximize (or at least increase) the decoding ca-
pability of the satellite.
[0043] The zones generated by the processing unit 506
may be regular or irregular, overlapping or non-overlap-
ping, unique or ambiguous, deterministic or random, stat-
ic or adaptive, so long as the number of ships in each
zone is less than the receiver detection threshold (i.e.
800-1000). This allows the processing unit 506 to be
more compact and less expensive than a classic phased
array and hence more compatible with small satellite us-
age.
[0044] Preferably, each zone signal is at least partially
statistically independent from the other zone signals. Two
zone signals are said to be statistically independent if
knowing something about one zone signal does not yield
any information about the other zone signal. The more
statistically independent the zone signals, the more
unique each zone. The more unique each zone, the
greater number of unique messages being detected. The
statistical independence of two signals can be deter-
mined by assessing the statistical similarity of the two
signals. The statistical similarity of two zone signals may
be assessed, for example, using time domain signal
cross-correlation, or cross-covariance of the two signals.
The assessment may also be performed, for example,
on the phase or the frequency spectrum of the zone sig-
nals.
[0045] Reference is now made to FIGS. 8 and 9 which
illustrate exemplary zone patterns 800 and 900. Zone
pattern 800 is comprised of zones 802, 804, 806, 808,
810, 812, and 814, and zone pattern 900 is comprised
of zones 902, 904 and 906. In these exemplary zone
patterns 800 and 900, the FOV is segmented by area.
Specifically, it can be seen that each zone (i.e. zones
802, 804, 806, 808, 810, 812, and 814) has an area that
is less than the FOV area. It also can be seen, however,
that each zone does not have to be of equal size. For
example, zone 810 is larger than zone 814.
[0046] Furthermore, it can be seen that a zone can be
a combination of a set of sub-zones. For example, zone
804 is comprised of two sub-zones 816 and 818, and
zone 902 is comprised of two sub-zones 908 and 910.
Accordingly, each zone does not have to be contiguous.
Non-contiguous zones or zones with ambiguities may be
formed, by example, by a thinned sensor array, where a
thinned sensor array is defined as a sensor array in which
the spacing between elements is greater than the wave-
length of the microwave signal. Specifically, the wide
spacing of the thinned array elements causes construc-
tive and destructive interference producing nulls in the
radiation pattern. This is contrasted to a classic phased
array where the distance between array elements is lim-
ited to hair a wavelength to minimize (i) the effect of side

lobes and (ii) ambiguities.
[0047] The goal is to select the mathematical combi-
nations so that the number of ships in each zone is less
than the receiver detection threshold (i.e. 800-1000
ships). In this manner it can be, said that the mathemat-
ical combinations are selected to increase the probability
of recovering AIS messages.
[0048] In some embodiment, In addition to segmenting
the FOV into a plurality of zones, one or more nulls (a
low gain area) are introduced into the zone pattern to
further improve the defection capability of the LEO sat-
ellite 12. Specifically, if a particular area has a high
number of ships, the sensor signals can be mathemati-
cally combined to create a null in that area. If such a null
is not inserted, the high number of ships may jeopardize
detection of ships in an entire zone or FOV. It is not nec-
essary to know the exact position of the null. Once a hull
is created, its position and/or other characteristics may
be adaptively adjusted to improve the overall detection
capability of the LEO satellite. 12.
[0049] Since the LEO satellite 12 acts as a scanner as
it moves over the earths, any nulls created in a zone
pattern will also move. Accordingly, ships that fall within
a particular null at a specific point in time will eventually
be picked up by the LEO satellite 12 as the nulls are
moved over the earth. Since a ship typically sends more
AIS messages than are needed by the LEO satellite 12
to accurately detect and monitor the ship, it is not nec-
essary for the LEO satellite 12 to receive every AIS mes-
sage transmitted by the ship. For example, a ship typically
sends one AIS message per 10 seconds whereas only
one message per 10 minutes is required to accurately
detect and monitor the location of a ship.
[0050] Reference is now made to FIGS. 10 and 11
which illustrate the nulling principle. Specifically, FIG. 10
illustrates a LEO satellite 12 with three sensors 1002,
1004, and 1006. Each sensor 1002, 1004 and 1006 has
an associated radiation pattern 1008, 1010 and 1012.
The sensor signals generated by the three sensor 1002,
1004 and 1006 are mathematically combined by a
processing unit (i.e. processing unit 506) to generate a
plurality of zone signals, each zone signal defining a
zone.
[0051] FIG. 11 illustrates an exemplary zone 1102 with
a plurality of nulls 1104 and 1106. In this example, the
nulls 1104 and 1106 are generated by subtracting the
second sensor signal (i.e. the sensor signal generated
by the second sensor 1004) from the combination of the
first and third sensor signals (i.e. the sensor signals gen-
erated by the first and second sensors 1002 and 1006).
The strength of the nulls 1104 and 1106 may be adjusted
by applying a gain to the second sensor signal before it
is subtracted from the first and third sensor signals.
[0052] In the embodiment shown in FIG. 5, the
processing of the sensor signals to produce the zone
signals is performed at radio frequencies. However, in
other embodiments the processing may be performed at
intermediate frequencies or at baseband. In these other

11 12 



EP 2 395 680 B1

8

5

10

15

20

25

30

35

40

45

50

55

embodiment, the processing unit 506 may include a pre-
processing unit to bring the sensor signals down to inter-
mediate frequencies or baseband for processing.
Processing may be performed by either analog or digital
means.
[0053] In some embodiments, the mathematical com-
binations implemented by the processing unit 506 are
stored in a memory unit (not shown) of the processing
unit 506. In some cases the memory unit may have one
set of mathematical combinations that are always imple-
mented by the processing unit 506. In other cases, the
memory unit may have sets of mathematical combina-
tions that correspond to the trajectory of the LEO satellite
12 and the set of mathematical combinations used at a
particular time is selected based on the position of the
LEO satellite 12 in its orbit. The mathematical combina-
tions may be selected through testing and simulation on
the ground. In some cases the ground testing ahd sim-
ulation may be supplemented with testing or experimen-
tation performed in orbit. An exemplary processing unit
506 will be described in reference to FIGS. 12 and 13.
[0054] In other embodiments, the LEO satellite 12 may
include a controller 512 that selects the mathematical
combinations and supplies them to the processing unit
506. In some cases the controller 512, like the memory
unit of the processing unit 506, may have one static set
of mathematical combinations that are always imple-
mented by the processing unit 506. In other cases, the
controller 512 may have sets of mathematical combina-
tions that correspond to the trajectory of the LEO satellite
12 and the set of mathematical combinations used at a
particular time is selected based on the position of the
LEO satellite 12 in its orbit In still other cases, the con-
troller 512 may adaptively select the mathematical com-
binations to optimize the detection performance.
[0055] In the cases where the controller 512 adaptively
selects the mathematical combinations, an initial set of
mathematical combinations may be first selected. The
initial set of mathematical combinations may be selected
through ground testing and simulation, testing and ex-
perimentation performed in orbit, or both. Where, how-
ever, it is not possible to perform ground or orbit testing,
an initial set of "safe" mathematical combinations may
be selected to create a plurality of zones wherein each
zone covers a smaller area than the FOV and together
the zones cover the entire FOV.
[0056] Once the initial set of mathematical combina-
tions have been selected, they may then be adaptively
adjusted to optimize the detection performance of the
satellite. In optimization of a system with multiple param-
eters, besides the optimal solution (i.e. the global mini-
mum) often there exist multiple suboptimal solutions (i.e.
local minimums). These local minimums are typically ac-
ceptable for the systems .and methods described herein.
Which suboptimal solution (i.e. local minimum) is
reached during the adaptive process generally depends
on the initial set of mathematical combinations. Accord-
ingly, to ensure that the adoptive process does not get

stuck using a particular suboptimal solution (i.e. local
minimum), it may be advantageous to apply a sufficiently
strong perturbation in the adaptive process to force the
optimization trajectory to jump out of the converging re-
gion associated with a particular local minimum. Depend-
ing on definition of the optimization cost function, the op-
timization problem may also equivalently be interpreted
as that of finding local or global maximums instead of
minimums.
[0057] In some embodiments, the controlled 512 adap-
tively selects the mathematical combinations based on
the characteristics of the zone signals produced by the
processing unit 506. For example, the controller 512 may
select the mathematical combinations based on one or
more of the following: (1) the number of messages ex-
tracted from the zone signals; (2) the total power of the
zone signals; (3) the bandwidth variations of the zone
signals; (4) the amplitude distribution of the zone signals;
(5) time slot boundaries; (6) the phase distribution of the
zone signals; (7) the error rate (i.e. bit error rate) of the
zone signals; (8) an eye diagram of the zone signals; (9)
the phase trajectory of the zone signals; (10) cross-cor-
relation or cross covariance between zone signals; and
(11) coherency analysis of the zone signals. A person of
skill in the art will understand that these are simply ex-
amples of suitable zone signal characteristics and other
zone signal characteristics may also be used.
[0058] The total power of the zone signals may indicate
the density of ships in each zone, the potential collision
probability, and the interference level. The bandwidth
variations of the zone signals may be useful to distinguish
interference from the AIS signals, or to perform zoning
according to Doppler offsets.
[0059] The amplitude (or power) distribution in each
zone signal may indicate the density of ships in each
zone and the collision level in each zone. Specifically,
amplitude (or power) distribution analysis is the exami-
nation of the signal level variations in the time domain.
Typically a "bad" zone signal (a zone signal comprising
multiple interfering/colliding AIS GMSK signals/messag-
es) will exhibit a lower peak to average amplitude or pow-
er ratio than a "good" zone signal (a zone signal com-
prising only a single AIS GMSK signal/message per mes-
sage time slot).
[0060] Time slot boundaries occur in AIS signals (and
thus zone signals) due to the SOTDMA time slot structure
described above. In a "good" zone signal, the consisten-
cy of the average signal power in each slot is expected
to vary from slot-to-slot in a different manner. Typically
"good" zone signals will have a higher ratio of maximum
to minimum slot power than "bad" zone signals. Similarly,
the regions of overlap between adjacent slot signals is
expected to be different for "good" and "bad" zone sig-
nals. The time slot boundary analysis may be performed
on the zone signal as it is received, or block wise in seg-
ments which represent the time period of a single AIS
message. Where the analysis is done on a segment ba-
sis, the segmenting may be started at an assumed or
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analyzed estimated slot boundary location. The result of
the analysis can be based on a single time slot or a
number of time slots.
[0061] The phase distribution of a zone signal may in-
dicate the quality of the zone signal. In some embodi-
ments, the phase distribution of a particular zone signal
may be assessed using a histogram of phase values.
Specifically, a "good" zone signal comprising a single
valid AIS message may cluster (show a higher histogram
frequency) around a number of distinct phase values.
Conversely, a "bad" zone signal comprising a plurality of
collided messages may not show such clustering and
typically distributed over a wider range. This analysis can
be performed on the complete zone signal, or smaller
time segments (or slots).
[0062] An eye diagram of a zone signal may also be
useful in detecting collisions in a particular zone. Specif-
ically, an eye diagram, following an assumed symbol tim-
ing recovery may be analyzed to determine the quality
of the eye opening (a figure of merit of the signal to noise
ratio (SNR) and the signal to interference ratio (SIR)). A
closed or non-distinct eye may indicate undecodable
and/or collided AIS signals. Collided AIS signals are de-
fined as two or more AIS signals in the same time slot at
similar power levels making error free detection of even
the stronger AIS signal challenging or impossible.
[0063] The phase trajectory of a zone signal is the un-
wrapped phase angle of the zone signal or the sample
by sample variations in the unwrapped phase angle. A
"good" zone signal comprised of a single well-defined
AIS signal is expected to have a phase trajectory with a
number of well-defined transitions equal to the GMSK
phase modulation. Conversely, a "poor" zone signal com-
prised of multiple interfering AIS signals will typically pro-
duce a phase trajectory that is more random, and in-
cludes many, less distinct phase transitions caused by
the interference. This analysis can be performed on the
complete zone signal, or smaller time segments (or
slots).
[0064] The mathematical combinations may also be
selected based on the statistical independence of the
zone signals. As described above, the statistical inde-
pendence of a particular zone signal may be measured
by performing a cross-correlation or a cross covariance
of the zone signal and each of the other zone signals.
The cross-correlations or cross covariances may be per-
formed in sequence or simultaneously. Generally a zone
signal having a lower cross-correlation with other zone
signals has a high statistical independence from the other
zone signals. This analysis can be performed on the com-
plete zone signal, or smaller time segments (or slots).
[0065] Coherency analysis, such as via an autocorre-
lation, may yield similar results to the phase trajectory
analysis described above. Specifically, a "good" zone
signal comprised of only a single AIS signal/message is
expected to have a certain shape (1% to 10% to 50% to
90% amplitude probability distribution), peak, standard
deviation, etc. Conversely, a "bad" zone signal com-

prised of a plurality of interfering AIS signals/messages
will have statistics of the autocorrelation function that dif-
fer from those of the single AIS signal/message. This
analysis can be performed on the complete zone signal,
or smaller time segments (or slots).
[0066] Based on the characteristics of the zone signals
the controller 512 may adjust or fine-tune the mathemat-
ical combinations. The controller 512 may, for example,
increase the size of certain zones and decrease the size
of other zones, or adjust the amplification of certain zone
signals until the characteristics improve. The controller
512 may also adjust the polarization, ambiguity patterns,
or the zone distribution relative to the direction the sat-
ellite is moving.
[0067] The receiver 508 receives the plurality of zone
signals from the processing unit 506 and extracts the
messages contained therein. The receiver 508 may be
a standard AIS receiver, such as the EURONAV™
AI3000 or the Smart Radio Holdings Limited™ SR162
Professional AIS Receiver, or a proprietary receiver,
such as that described in U.S. Published Patent Appli-
cation No. 2008/0304597 to Peach, incorporated herein
by reference. In some embodiments, such as that shown
in FIG. 5, the LEO satellite 12 includes a single receiver
508 that sequentially processes the zone signals. In
these embodiments the LEO satellite 12 may include a
sampler (not shown) for sampling each of the zone sig-
nals and a memory module (not shown) for storing the
samples. In other embodiments, the LEO satellite 12 in-
cludes multiple receivers (i.e. receiver 508) and each
zone signal is provided to a separate receiver for parallel
or concurrent processing of the zone signals.
[0068] In some embodiments, the LEO satellite 12 may
also include a screening unit 514 that receives the plu-
rality of messages extracted by the receiver 508 and re-
duces the message count. Typically this is done to reduce
the amount of bandwidth required to transmit the extract-
ed messages from the LEO satellite 12 to the ground
station 14. In some embodiments, this involves eliminat-
ing any duplicate messages. Due to the fact that each
zone signal is a combination of the same sensor signals,
many messages will be detected multiple times.
[0069] The screening unit 514 sorts the messages in
time order so that any duplicates can be easily identified.
AIS messages typically include a time stamp that pro-
vides information on when the signal was generated. This
time stamp, however, is not typically sufficient to accu-
rately sort the messages. Accordingly, the time sorting
performed by the screening unit 514 is typically based
on the reception time of the signal as determined by the
receiver 508.
[0070] The receiver 508 will typically have a time ref-
erence (i.e. clock) that may or may not be derived from
GPS (Global Positioning System) or other source of ac-
curate timing information. Each message extracted by
the receiver 508 will be tagged with a time stamp that
indicates the time at which it was decoded. This will then
facilitate sorting of the messages by the screening unit
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514. Where there are multiple receivers that operate in
parallel, the time reference (i.e. clock) of each of the re-
ceivers will typically be synchronized. Where there is only
a single receiver that processes multiple zone signals
serially, the time stamp may be a measure of the delta
from the start of the zone signal, and the time reference
(i.e. clock) may be reset each time a new zone signal is
processed.
[0071] Once the messages have been sorted in time
order the screening unit 514 identifies duplicate messag-
es by comparison of message content, and modifies the
message list :so there are no duplicates. In some em-
bodiments, the screening unit 514 modifies the message
list as follows: (1) if two or more of the duplicate messages
are identical (e.g. neither has a bit error) then one or more
of the duplicate messages are deleted; (2) if one of the
duplicate messages has no bit error, and one or more of
the duplicate messages has a bit error, the duplicate mes-
sage with the bit error is deleted: and (3) if all of the du-
plicate messages have a.bit error, the duplicate messag-
es may be combined to form a single message with a
better bit error rate.
[0072] In other embodiments, the screening unit 514
modifies the message list based on historical data related
to the ships from which the duplicate messages were
sent. In some cases, the screening unit 514 may select
a particular duplicate message to retain based on which
of the duplicate messages is consistent with the historical
data related to the ship. In this manner, the screening
unit 514 is attempting to identify and remove any outliers.
For example, ships typically travel along a specific ad-
vertised path, or shipping lane. The screening unit 514
may select a particular message to retain based on which
messages is consistent with the path advertised by the
corresponding ship. In other cases, the screening unit
514 may combine the duplicate messages to generate a
message that is consistent with the historical voyage
trend data associated with the corresponding ship.
[0073] In some embodiments, the screening unit 514,
in additon to removing duplicate messages from the mes-
sages list, may also reduce the number of messages by
reproving non-duplicate messages which do not improve
the abillity to detect and monitor the location of ship from
space. Specifically, as described above, the rate at which
ships transmit AIS messages is related to the rate at
which they are moving. Typically the faster a ship is mov-
ing, the more messages it generate per second. This
scheme was developed for collision avoidance purpose.
However, When a ship is moving at high speeds, the rate
at which ships transmit AIS messages may exceed the
rate required to monitor a ship’s movement from space.
Accordingly, the screening unit 514 may eliminate a
number of non-duplicate messages from the same ship
to reduce the number of messages from that ship down
to a number required for space monitoring purposes:
[0074] The Screening unit 614 may be implemented in
software on, for example, a general-purpose computer
or a dedicated processor.

[0075] The transmitter unit 510 receives the messages
from either the receiver 508 or the screening unit 514
(depending on whether the LEO satellite 12 includes a
screening unit 514) and transmits or downlinks them to
the ground station 14. The transmitter unit 510 typically
includes a modulator (not shown) and a transmitter an-
tenna (not shown)). The modulator modulates the mes-
sages onto a carrier signal for transmission to the ground
station 14. The modulator may employ various modula-
tion techniques, such as phase-shift keying (PSK) which
modulates the message data onto the carrier in such a
way that the sequence of zeros and ones making up the
messages is represented by phase shifts in the carrier
signal. Examples of suitable PSK techniques include bi-
nary PSK, quadrature PSK, or a higher-order PSK such
as 8-PSK. Quadrature PSK uses four possible phase val-
ues and can therefore transmit two bits of data per symbol
on the carrier. 8-PSK uses eight phase values and thus
can transmit three bits of data per symbol on the carrier.
[0076] The modulator may be implemented by either
digital or analog circuits. In digital implementation, the
modulations are typically performed in the digital domain
with a constellation mapper. The output of the constella-
tion mapper may then be passed through a digital pulse
shaping filter followed by a digital to analog converter to
convert the digital modulated signal to an analog modu-
lated signal for further processing.
[0077] To reduce the transmission errors between the
LEO satellite 12 and the ground station 14, the modulator
may be configured to implement forward error correction
(FEC), using, for example. Reed-Solornon codes, con-
volutional codes, Turbo codes, or Low Density Parity
Cheek codes. As is known to those of skill in the art,
forward error correction is where redundant data, also
known as an error-correction code, is added to a mes-
sage prior to transmission. This Allows the receiver to
detect and correct errors without the need to ask the
sender for retransmissions or for additional data.
[0078] The modulated signal(s) are then sent to the
transmitter Which up-converts them to the frequency
range required for transmission, and amplifies these sig-
nals so that they have the required signal strength need-
ed for transmission to the ground station 14. The trans-
mitter may also include an output filter to limit the out of
band signals generated by the amplification to control
the potential interference with users in nearby frequency
bands.
[0079] Since the decoded of extracted messages may
include classified information that must be kept secure,
encryption can also be employed by the transmitted unit
510 prior to preparing the messages for transmission to
a ground station. In these cases, the transmitter unit 510
may also include an encryption module (not shown) for
encrypting the plurality of messages received from the
receiver 508 or the screening unit 514.
[0080] Reference is now made to FIG. 12, which is a
block diagram of a processing unit 506 in accordance
with an embodiment. The processing unit 506 comprises
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three zone generators 1202, 1204 and 1206. Each zone
generator 1202, 1204 and 1206 receives the sensor sig-
nals output by the sensors 502 and 504 and mathematical
combines them to produce a zone signal. As described
above, although each zone generator 1202, 1204 and
1206 receives each of the sensor signals, each zone gen-
erator 1202, 1204 and 1206 may not mathematically
combine all of the sensor signals. For example, if there
are three sensor signals, some zone generators may only
mathematically combine two of the three sensor signals,
and some zone generators may mathematically combine
all three sensor signals, Although the processing unit 506
illustrated in FIG. 12 includes three zone generators
1202, 1204 and 1206 it will be evident to a person of skill
in the art that the processing unit may have other num-
bers of zone generators. Typically, a processing unit will
have at least two zone generators to segment the FOV
into at least two zones. An exemplary zone generators
1202 will be described in reference to FIG. 13.
[0081] Reference is now made to FIG. 13, which is a
block diagram of a zone generator 1202 in accordance
with an embodiment. As described above, the zone gen-
erator 1202 receives a copy of each of the sensor signals
generated by the sensors 502 and 504 and mathemati-
cally combines them to produce a zone signal.
[0082] The zone generator 1202 composes a signal
path for each of the sensor signals In the embodiment
shown in FIG. 13, the zone generator 1202 receives two
sensor signals, thus there are two signal paths. Each
signal path modifies or adjusts one of the censor signals,
In some embodiments, each signal path may include one
or more of the following adjustment blocks: (a) an ampli-
fier or gain adjuster 1302 or 1304, (b) a phase shifter
1306 or 1308; (c) a delay block: 1310 or 1312; and (d) a
transfer function block 1314 or 1316. The order of the
adjustment blocks within a particular signal path is not
typically important. However, since the transfer function
blocks 1314 and 1316 may introduce a non-linearity, it
may be beneficial to place transfer blocks later in the
signal path.
[0083] Each amplifier or gain adjuster 1302 and 1304
applies amplitude or gain scaling to one of the sensor
signals, For example, the first amplifier 1302 may apply
a gain of k1 to the first sensor signal and the second
amplifier 1304 may apply a gain of k2 to the second sen-
sor signal.
[0084] Each phase shifter 1306 and 1308 applies a
phrase shift between 0° and 360° to one of the sensor
signals, For example, the first phase shifter 1306 may
apply a phase shift of Φ1 to the first sensor signal, and
the second phase shifter 1308 may apply a phase shift
of Φ2 to the second sensor signal. As is known to a person
of skill in the art, a phrase shift of 180° will invert the
sensor signal.
[0085] Each delay block 1310 and 1312 applies a delay
to one of the sensor signals, For example, the first delay
block 1310 may apply a delay D1 to the first sensor signal,
and the second delay block 1312 may apply a delay D2

to the second sensor signal. The delays implemented by
the delay blocks 1310 and 1312 are typically in the mi-
crosecond (ms) range, but may be smaller or larger.
[0086] Each transfer function block 1314 and 1316 ap-
plies a transfer function to the one of the sensor signals.
For example, the first transfer function block 1314 may
apply a first transfer function Fn, to the first sensor signal,
and the second transfer function block 1316 may apply
a second transfer function Fn2 to the second sensor sig-
nal. Topically each transfer function adjusts the ampli-
tude of one of the sensor signal as a function of the input
amplitude. The most trivial (yet completely valid) transfer
function is purely linear, in which the input and output are
identical. In some embodiments, the transfer functions
(i.e. Fn, and Fn2) implemented by the transfer function
blocks 1314 and 1316 are non-linear, such as the transfer
functions shown in FIGS. 6 and 7.
[0087] In other embodiments, one or more signal paths
may include a filter transfer function block wherein the
output of the filter transfer function block is a function of
the input signal frequency. Such a frequency transfer
function block provides for frequency selective filtering
or equalization of the sensor signal.
[0088] The adjustment block coefficients (k1, k2, Φ3,
Φ2, D1, D2, Fn1 and Fn2) define a "mathematical combi-
nation" as that term is used herein. As described above
in reference to FIG. 5, the mathematical combinations
(i.e. the adjustment block oefficients) may be static, or
they may be dynamically selected by the controller 512.
In some embodiments, the controller 612 selects the
mathematical combinations (i.e. the adjustment block co-
efficients) based on the position of the satellite 12 in its
orbit. In other embodiments, the controller 512 adaptively
selects the mathematical combinations (i.e. the adjust-
ment block coefficients) based on characteristics of the
zone signals.
[0089] Once each of the sensor signals has been ad-
justed by the adjustment blocks in the corresponding sig-
nal path, the modified zone signals are combined using
a combiner or simmer 1318 to produce a zone signal.
[0090] Reference is now made to FIG. 14, which is a
block diagram of a controller 512 in accordance with a
first embodiment. The controller 512 receives the plurality
of zone signals produced by the processing unit 506,
analyzes the received zone signals, selects or modifies
the coefficients corresponding to the zone signals, and
outputs a control signal that relays the selected coeffi-
cients to the processing unit 506. The processing unit
506 then modifies the adjustment block coefficients
based on the received control signal.
[0091] The controller 512 comprises a plurality of zone
signal analyzers 142, 1404 and 1406 and a plurality of
coefficient selectors 1408, 1410 and 1412. Typically
there is one zone signal analyzer 1402, 1404 or 1406
and one coefficient selector 1408, 1410 or 1410 for each
zone signal receiver For example, in the embodiment
shown in FIG. 14, the controller 512 receives three zone
signals, thus there are three zone signal analyzers 1402,
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1404 and 1406, and three coefficient selectors 1408,
1410 and 1412.
[0092] Each zone signal analyzer 1402, 1404 and 1406
receives one of the zone Signals, analyzes the received
signal, and outputs a metric indicative of the analysis.
Specifically, the first zone signal analyzer 1402 analyzes
the first zone signal, the second zone signal analyzer
1404 analyzes the second zone signal, and the third zone
signal analyzer 1406 analyzes the third zone signal. The
analysis performed by each zone signal analyzer 1402,
1404 and 1406 may include analyzing one of the zone
signal characteristics described above in relation to FIG.
5. For example, each zone signal analyzer 1402, 1404
and 1406 may analyze, for example, the total power of
the zone signal, the bandwidth variations of the zone sig-
nal, the amplitude distribution of the zone signal or the
phase trajectory of the zone signal.
[0093] Each coefficient selector 1408, 1410 and 1412
receives the metric indicative of the analysis performed
by one of the zone signal analyzers 1402, 1404 and 1406,
and selects and outputs new adjustment block coeffi-
cients based on the received metric. Specifically, the first
coefficient selector 1408 receives the output metric from
the first zone signal analyzer 1402 and selects new ad-
justment block coefficients for generating the first zone
signal; the second coefficient selector 1410 receives the
output metric from the second zone signal analyzer 1404
and selects new adjustment block coefficients for gener-
ating the second zone signal; and the third coefficients
selector 1412 received the output from the third zone
signals analyzer 1406 and selects new adjustment block
coefficients for generating the third zone signal. The spe-
cific adjustment block coefficients selected/adjusted by
the coefficient selectors 1408, 1410 and 1412 will be
based on the particular coefficients implemented by the
corresponding processing unit 506.
[0094] The operation of the zone signal analyzers
1402, 1404 and 1406 and the coefficient selectors 1408,
1410 and 1412 will be further described using an example
configuration. In the example configuration, there are
three sensor signals, and the three sensor signal are
each amplitude adjusted and then combined by a zone
generator (e.g. zone generator 1202) to form a first zone
signal. Specifically, a first gain k1 is applied to the first
sensor signal, a second gain k2 is applied to the second
sensor signal, and a third gain k3 is applied to the third
sensor signal.
[0095] When a zone signal analyzer 1402, 1404 or
1406 receives the zone signal it analyzes the received
zone signal and outputs a metric representative of the
analysis. As described above, the analysis may involve
analyzing a particular characteristic of the zone signal,
such as the phase trajectory of the zone signal.
[0096] When a coefficients selector 1408, 1410 or
1412 receives the metric it may select the coefficients k1,
k2 and k3 according to a simple linear optimization de-
scribed using Table 1. First, a number of start and trial
values are applied (these could be pre-defined based on

knowledge of the sensors (e.g. sensors 502 and 504),
past values known to be effective, or a simple set of val-
ues). The trial value with the highest metric is then used
as a starting point for optimization. In this example, Trial
1 (when k3 is -1) has the highest metric.

[0097] The first optimization step is to set k3 to values
above -1 and then below -1, and depending on the
change in the metric, proceed in the same direction until
it is found that the metric does not improve. In the example
shown in Table 1, the values effected were -0.9 then,
-1.1, -1.2, -1.3 and then back to -1.2 when demonstrated
to be the value with the best metric.
[0098] Next, optimization could proceed to selecting
k2, and/or another of the other coefficients. Note that k1
does not need to be optimized if k2 and k3 are optimized.
Specifically, varying k2 and k3 cover all potential ampli-
tude (or equivalently power) ratios of k1, k2 and k3.
[0099] Following such an optimization in the amplitude
scaling factor k, a similar optimization may be applied to
one or more of the other coefficient sets (phase, delay,
transfer function) using the initially optimized gain factor
coefficients (k1, k2, k3) as a starting point.
[0100] In some embodiments, the process may be re-
peated after each of the coefficients has been optimized
since it is generally true that the coefficients interact. For
example, optimization for coefficient k3 may be affected
by optimization for coefficient k2, or the phase, delay or
transfer function optimizations.
[0101] In other embodmients, the optimization process
may be repeated using smaller step sized to further op-
timize the results. When changes to the metric become
acceptably small, a decision can be made to stop opti-
mization. In other embodiments, instead of making small
step changes, the size of changes in the, metric can be
used to scale the step: changed, improving the rate of
convergence of the optimization.
[0102] Although the example was described using a
simple linear Optimization process, it will be evident to a
person of skill in the art that any number of standard
optimization methodologies may be employed to select

Table 1

k1 k2 k3 Metric

Start 1 1 1 0.1

Trial 1 1 1 -1 0.8

Trial 2 1 -1 1 0.7

Trial 3 -1 1 1 0.3

Optimization 1,1 1 1 -0.9 0.75

Optimization 1,2 1 1 -1.1 0.82

Optimization 1,3 1 1 -1.2 0.95

Optimization 1,4 1 1 -1.3 0.92

Optimization 1,5 1 1 -1.2 0.95
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the coefficients.
[0103] Reference is now made to FIG. 15, which is a
block diagram of a controller 512’ in accordance with a
second embodiment. The controller 512’ of FIG. 15 dif-
fers from the controller 512 of FIG. 14 in that instead of
analyzing each zone signal independently and then se-
lecting the coefficients for a particular zone signal based
on the analysis of that zone signal, an analysis of the
zone signals is done collectively and the coefficients for
all of the zone signals are selected based on the collective
analysis.
[0104] Specifically, the controller 512’ of FIG. 15 com-
prises a signal analyzer 1502 which receives all of the
zone signals, performs an analysis on one or more of the
zone signals, selects coefficients for the zone signals
based on the analysis, and outputs the coefficients as a
control signal. Since the signal analyzer 1502 receives
all of the zone signals, the signal analyzer may perform
a comparison of zone signals. For example, the signal
analyzer 1502 may perform a cross-correlation or a cross
covariance of the zone signals to determine their statis-
tical independence. In another example, the analysis
may involve determining the ratio of the average signal
strength of a zone signal (e.g. the mean square amplitude
or power, computed as the mean power calculated from
the mean square voltage in each slot) over many mes-
sage slots (e.g. 50) divided by the average mean squared
power in the corresponding slots of all other zone signals,
or other analysers that indicate that overall detection per-
formance of the satellite has improved though selection
of the coefficients to form zone signals. One such metric
could be the maximization of the total number of uniquely
received AIS messages from all individual zone receiv-
ers.
[0105] Where the analysis involves ratios or informa-
tion from multiple zone signal, it may still be beneficial to
perform some optimization on each zone signal inde-
pendently first, before refining the optimization over mul-
tiple zone signals.
[0106] As show in FIG. 15, the signal analyzer 1502
may also receive the output of the receiver 508, or the
screening unit 514, or both and use this information to
select the coefficients for the zone signals.
[0107] Reference is now made to FIG. 16 which is a
block diagram of a LEO satellite 12’ in accordance with
a second embodiment. The LEO satellite 12’, like the
LEO satellite 12 of FIG. 5, has a plurality of sensors that
each receives AIS signals transmitted by a plurality of
ships 16 and output a sensor signal. The sensor signals
are mathomatically combined to produce a plurality of
zone signals. The zone signals segment the satellite’s
FOV into a plurality of zones. The zone signals are then
separately processed to extract the AIS messages con-
tained therein. In the embodiment shown in FIG. 16, The
LEO satellite 12’ includes two sensors 1602 and 1604,
a multiple channel radio frequency receiver 1606, a dig-
ital processing unit 1608, a receiver 1610 and a trans-
mitter unit 1612. Similar to the LEO satellite 12 of FIG.

5, the LEO satellite 12’ may also include a controller
1614, and a screening unit 1616.
[0108] The sensors 1602 and 1604 or FIG. 16 corre-
spond to the sensors 502 and 504 of FIG. 5. Specifically,
each sensor 1602 and 1604 receives a plurality of AIS
signals from the ships 1.6 and generates a sensor signal
that is representative of the received AIS signals. The
description of the sensors 502 and 504 given above with
respect to FIG. 5 applies equally to the sensors 1602 and
1604. For example, the sensors 1602 and 1604 may be
Very High Frequency (VHF) antennas configured to re-
ceives AIS-signals. The antennas may be physically sep-
arated; they may be of different polarizations; and may
be of different types.
[0109] The multiple channel radio frequency receiver
1608 receives the analog sensor signals from the sen-
sors 1602 and 1604 and converts them into digital sensor
signals. This allows the processing unit 1608 to perform
the zoning operation in the digital domain. As discussed
below, this improves the flexibility and control of the zon-
ing operation The analog to digital conversion performed
by the multiple channel radio frequency receiver 1606
may include, for example, amplification, filtering, down
conversion, sampling, frequency recovery, and/or phase
offset recovery of the sensor signals.
[0110] The processing unit 1608 performs the same
function as the processing unit 506 of FIG. 5. Specifically,
the processing unit 1608 of FIG. 16 receives the plurality
of digital sensor signals from the multiple channel radio
frequency receiver 1606 and mathematically combines
them to produce a plurality of zone signals. Each zone
signal represents a portion of the FOV of the LEO satellite
12’. Accordingly, the zone signals segment the FOV of
the LEO satellite 12’ into a plurality of smaller zones. In
some embodiments, each zone signal represents a zone
and the area of the zone is less than the area of the FOV.
[0111] The description of the functions performed by
the processing unit 506 given above with respect to FIG.
5 applies equally to the processing unit 1608 of FIG. 16.
However, since the processing unit 1608 receiver digital
sensor signals from the multiple channel radio frequency
receiver 1606, and the processing unit 506 of FIG. 5 re-
ceives analog sensor signals directly from the sensors
502 and 504 there are a few differences between the two
processing units 506 and 1608.
[0112] The main differences between the processing
unit 1608 and the processing unit 506 of FIG. 5 are: (i)
the processing unit 506 of FIG. 5 is typically implemented
using analog components such as amplifiers and phase
shifters, whereas the processing unit 1608 is typically
implemented digitally by, for example, a digital signal
processing (DSP) unit; and (ii) the processing unit 506
of FIG. 5 typically has a fixed configuration (e.g. it typically
has a fixed number of amplifiers and phase shifters),
whereas the processing unit 1608 of FIG. 16 typically
has a flexible configuration. Accordingly, the number of
zones and/or the parameters used to mathematically
combine the sensor signals may be adaptively adjusted
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or fine-tuned during flight of the satellite 12’ to optimize
the detection performance of The satellite 12’.
[0113] The receiver 1610 of FIG. 16 corresponds to
the receiver 508 of FIG. 5. Specifically, the receiver 1610
receives the plurality of zone signals from the processing
unit 1608 and extracts the messages contained therein.
The description of the receiver 508 given above with re-
spect to FIG. 5 applies equally to the receiver 1610. For
example, the receiver 1610 may be a standard AIS re-
ceiver, such as the EURONAV™ Al3000 or the Smart
Radio Holdings Umited™ SR162 Professional AIS Re-
ceiver, or a proprietary receiver, such as that described
in U.S. Published Patent Application No. 2008/0304597
to Peach.
[0114] The transmitter unit 1612 of FIG. 16 corre-
sponds to the transmitter unit 510. of FIG. 5. Specifically,
the transmitter unit 1612 receives the messages from
either the receiver 1610 or the screening unit 1616 (de-
pending on whether the LEO satellite 12’ includes a
screening unit 1616) and transmits or downlinks them to
the ground station. The description of the transmitter unit
510 given above with respect to FIG. 5 applies equally
to the transmitter unit 1612. For example, the transmitter
unit 1612 typically includes a modulator (not shown) and
a transmitter antenna (not shown).
[0115] The controller 1614 of FIG, 16 corresponds to
the controller 512 of FIG. 5. Specifically, the controller
1614 selects the mathematical combinations and sup-
plies them to the processing unit 1608. The description
of the controller 512 given above with respect to FIG. 5
applies equally to the controller 1614. For example, like
the controlled 612 of FIG. 5, the controller 1614 of FIG.
16 may, for example, select the mathematical combina-
tions based on the trajectory of the LEO satellite, or it
may adaptively select the mathematical combinations
based on the characteristics of the zone signals to im-
prove the detection capability of the LEO satellite 12’.
[0116] The screening unit 1616 of FIG. 16 corresponds
to the screening unit 514 of FIG. 5. Specifically the
screening unit 1616 receives the plurality of messages
extracted by the receiver 1610 and eliminates any dupli-
cate messages. The description of the screening unit 514
given above with respect to FIG. 5 applies equally to the
screening unit 1616. For example, the screening unit
1616 like screening unit 514, typically sorts the messag-
es in time order and eliminates any duplicate messages.
[0117] Reference is now made to FIG. 17, which is a
flowchart that illustrates as method 1700 of segmenting
a LEO satellite FOV for receiving radio frequency signals
in accordance with an embodiment. At (1702) a plurality
of AIS signals are received at the LEO satellite by a plu-
rality of sensors, such as sensors 502 and 504 or sensors
1602 and 1604. Each sensor then outputs a sensor signal
representative of the received AIS signals. The method
1700 then proceeds to (1704).
[0118] At (1704) the plurality of sensor signals are
mathematical combined to produce a plurality of zone
signals As described above, the phrase "mathematical

combination" is used herein to describe a simple math-
ematical combination of two or more sensor signals Each
mathematical combinations may be formed by (i) weight-
ing or amplifying one or more of the sensor signals; and/or
(ii) adjusting the phase of one or more of the sensor sig-
nals; and/or (iii) applying a delay to one or more of the
sensor signals; and/or (iv) applying a transfer function to
one or more of the sensor signals; and (v) summing the
amplified, phase shifted, delayed, and/or transferred
sensors signals to producer zone signal.
[0119] Each zone signal represents a portion of the
FOV of the LEO satellite. In one embodiment, each zone
signal represents a zone and the area of the zone is less
than the area of the FOV. Accordingly, in this embodi-
ment, the zone signals segment the FOV of the LEO sat-
ellite, into a plurality of smaller zones.
[0120] The mathematical combinations may be fixed
or may be adaptively selected based an (i) the trajectory
of the satellite; and/or (ii) the characteristics of the zone
signals. Methods for adaptively selecting the mathemat-
ical combinations, have been described in detail above
with respect to FIG. 5.
[0121] The sensor signals may be mathematically
combined by a processing unit such as processing unit
506 or processing unit 1608. Once the plurality of sensor
signal have been mathematically combined to produce
the plurality of zone signals, the method 1700 proceeds
to (1706).
[0122] At (1706), the plurality of zone signals are de-
coded to extract the AIS messages contained therein.
The plurality of zone signals are typically decoded by a
receiver, such as receiver 508 or receiver 1610. In some
embodiments, the zone signals are processed in parallel,
each zone signal being processed by a separate receiv-
er. In other embodiments, a single receiver sequentially
processes the zone signals
[0123] Once the plurality of zone signals have been
decoded, the method 1700 may proceed to (1708) or
(1710) depending on whether the LEO satellite includes
a screening unit, such as screening unit 514 or screening
unit 1616. If the LEO satellite, includes a screening unit,
the method 1700 typical proceeds to (1708), If the LEO
satellite does not include a screening unit, the method
1700 typically proceeds directly to (1710).
[0124] At (1708) the AIS messages decoded at (1706)
are filtered or screened to remove any duplicates. In
some embodiments, the AIS messages may be time-or-
dered to identify any duplicates. Once the duplicates are
identified the message list is modified so that there are
no duplicates. This may involve removing the duplicates
or combining duplicate messages to get an improved
message. This process has been described above in de-
tail in relation to FIG. 5. The screening may be performed
by a screening unit, such as screening unit 514 or screen-
ing unit 1616. Once the messages have been screened
the method 1700 proceeds to (1710).
[0125] At (1710) the messages are transmitted to a
ground station (i.e. ground station 14). A method for
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transmitting the messages to a ground station has been
described in detail in reference to FIG. 5. The transmis-
sion may be performed by a transmitter unit, such as
transmitter unit 510, or transmitter unit 1612. Once the
messages have been transmitted, the method 1700 is
complete.
[0126] While the methods, and systems described
herein have been discussed as methods and systems
for receiving AIS signals at a LEO satellite, it will be ev-
ident to a person of skill in the art that the methods and
systems described herein may also be used to transmit
AIS or AIS-like signals from a LEO satellite:
[0127] Specifically, a reverse process may be used to
transmit a message back to the same zone in which a
message was received. For example, once a particular
set of mathematical combinations has been selected,
those mathematical combinations can be reversed to
send a message back to a particular zone or zones de-
fined by the mathematical combinations. It should be not-
ed, however, that due to the speed at which a typical LEO
satellite (i.e. LEO satellite 12 or LEO satellite 12’) moves
over the earth, a particular set of mathematical combi-
nations is typically only valid for a short period of time
(i.e. seconds to a minute). Using such a reverse process
allows one to achieve the same performance advantage
of the forward direction (earth to LEO satellite), in the
return direction (LEO satellite to earth).
[0128] While the above description provides examples
of the embodiments, it will be appreciated that some fea-
ture and/or functions of the described embodiments are
susceptible to modification without departing from the
spirit and principles of operation of the described embod-
iments. Accordingly, what has been described above has
been intended to be illustrative of the invention and non-
limiting arid it will be understood by persons skilled in the
art that other variants and modifications may be made
without departing from the scope of the invention as de-
fined in the claims appended hereto.

Claims

1. A satellite system for detecting radio frequency sig-
nals to produce a plurality of zone signals, the system
comprising:

a) at least two sensors (502, 504), each sensor
(502, 504) for

(i) receiving a plurality of radio frequency
signals, each radio frequency signal com-
prising a plurality of messages; and
(ii) outputting a sensor signal that is repre-
sentative of the received plurality of radio
frequency signals;

b) a processing unit (506) for:

(i) combining the sensor signals into an in-
itial set of mathematical combinations to
produce a plurality of zone signals repre-
senting zones that segment the field of view
of the satellite system; and
(ii) combining the sensor signals into adjust-
ed mathematical combinations to produce
a plurality of zone signals representing
zones having adjusted characteristics;

c) a controller (512) for:

(i) adaptively selecting the adjusted mathe-
matical combinations based on character-
istics of the zone signals produced by the
processing unit (506); and
(ii) outputting a control signal relaying the
adaptively selected adjusted mathematical
combinations to the processing unit (506);
and

d) at least one receiver (508) for extracting one
or more of the plurality of messages contained
in the zone signals produced by combining the
sensor signals into the adjusted mathematical
combinations;

characterized in that the radio frequency signals
are automatic identification system (AIS) signals
sent by ships and in that each zone of the zone
signals that are produced by mathematically com-
bining the sensor signals has a number of ships less
than a receiver detection threshold.

2. The satellite system of claim 1, wherein each of the
zone signals is statistically independent from the oth-
er zone signals.

3. The satellite system of claim 1, wherein the controller
(512) selects the initial set of mathematical combi-
nations.

4. The satellite system of claims 1, 2, or 3, wherein the
controller (512) adaptively selects the adjusted
mathematical combinations based on at least one of
the following: total signal power of at least one zone
signal, bandwidth variations of at least one zone sig-
nal, the amplitude distribution of at least one zone
signal, the phase distribution of at least one zone
signal, an eye diagram of at least one zone signal,
the phase trajectory of at least one zone signal,
cross-correlation of at least two zone signals, cross
covariance of at least two zone signals, coherency
analysis of at least one zone signal, and for each of
the preceding, selected time segments of the zone
signal, representing one or more message seg-
ments, the number of messages extracted from at
least one zone signal, and the error rate of at least
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one zone signal.

5. The satellite system of any one of claims 1, to 4,
wherein the controller (512) selects the mathemati-
cal combinations from a predefined list of mathemat-
ical combinations.

6. The satellite system of any one of claims 1 to 5, fur-
ther comprising a screening unit (514) coupled to the
at least one receiver for eliminating duplicate mes-
sages.

7. The satellite system of claim 6, wherein the screen-
ing unit (514) selects a particular duplicate message
for elimination based on one or both of bit error rate
of the duplicate message and historical data related
to the source of the duplicate message.

8. The satellite system of claim 6, wherein the screen-
ing unit (514) is further for decimation of non-dupli-
cate messages from the same source.

9. The satellite system of any one of claims 1 to 8, fur-
ther comprising a memory unit for storing the zone
signals prior to sequential processing of the zone
signals by the at least one receiver.

10. The satellite system of claim 9, further comprising at
least one analog to digital converter (606) for con-
verting the zone signals into digital zone signals, the
digital zone signals being stored in the memory unit.

11. The satellite system of any one of claims 1 to 10,
further comprising a plurality of receivers (508), each
receiver (508) for extracting the plurality of messag-
es contained in one of the zone signals

12. The satellite system of any one of claims 1 to 11,
wherein the at least two sensors (502, 504) have
different polarizations.

13. The satellite system of any one of claims 1 to 12,
wherein the at least two sensors (502, 504) have a
field of view and the coverage of each zone signal
is less than the field of view of the satellite.

14. A method for detecting radio frequency signals using
a satellite to produce a plurality of zone signals, the
method comprising:

a) each of a plurality of sensors (502, 504) re-
ceiving a plurality of radio frequency signals,
each radio frequency signal comprising a plu-
rality of messages;
b) each of the plurality of sensors outputting a
sensor signal representative of the received plu-
rality of radio frequency signals;
c) selecting an initial set of mathematical com-

binations of the sensor signals;
d) combining the sensor signals into the initial
set of mathematical combinations to produce a
plurality of zone signals representing zones that
segment the field of view of the satellite;
e) adaptively selecting adjusted mathematical
combinations based on the characteristics of the
zone signals produced by combining the sensor
signals into the initial set of mathematical com-
binations to increase the probability of recover-
ing the plurality of messages;
f) combining the sensor signals into the adjusted
mathematical combinations to produce a plural-
ity of zone signals representing zones having
adjusted characteristics; and
g) extracting one or more of the plurality of mes-
sages contained in the zone signals produced
by combining the sensor signals into the adjust-
ed mathematical combinations;

characterized in that the radio frequency signals
are automatic identification system (AIS) signals
sent by ships and in that each zone of the zone
signals produced by mathematically combining the
sensor signals has a number of ships less than a
receiver detection threshold.

15. The method of claim 14, wherein each of the zone
signals is statistically independent from the other
zone signals.

16. The method of claims 14 or 15, wherein the adjusted
mathematical combinations are adaptively selected
based on at least one of: total signal power of at least
one zone signal, bandwidth variations of at least one
zone signal, the amplitude distribution of at least one
zone signal, the phase distribution of at least one
zone signal, an eye diagram of at least one zone
signal, the phase trajectory of at least one zone sig-
nal, cross-correlation of at least two zone signals,
cross covariance of at least two zone signals, coher-
ency analysis of at least one zone signal, and for
each of the preceding, selected time segments of
the zone signal, representing one or more message
segments, the number of messages extracted from
at least one zone signal, and the error rate of at least
one zone signal.

17. The method of claims 14, 15, or 16, wherein the
mathematical combinations are selected from a pre-
defined list of mathematical combinations.

18. The method of any one of claims 14 to 17, further
comprising eliminating duplicate messages.

19. The method of claim 18, wherein a particular dupli-
cate message is selected for elimination based on
one or both of bit error rate of the duplicate message
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and historical data related to the source of the dupli-
cate message.

20. The method of claim 14, further comprising decimat-
ing non-duplicate messages from the same source.

21. The method of any one of claims 14 to 20, wherein
the zone signals are sequentially processed by a sin-
gle receiver (508) to extract at least one message
contained therein.

22. The method of any one of claims 14 to 21, wherein
the zone signals are concurrently processed by a
plurality of receivers (508) to extract the at least one
message contained therein.

23. The method of any one of claims 14 to 22, wherein
the at least two sensors (502, 504) have different
polarizations.

24. The method of any one of claims 14 to 23, wherein
the satellite (12) has a field of view and the coverage
of each zone signal is less than the field of view of
the satellite (12).

25. The system of any of claims 1 to 13, or the method
of any of claims 14 to 24, wherein the at least two
sensors (502, 504) are monopole antennas, patch
antennas or helical antennas of the same type or
different types, or have a mix of linear, elliptical and
circular polarizations.

26. The system of any of claims 1 to 13 or 25, or the
method of any of claims 14 to 25, wherein the re-
ceiver detection threshold is in a range of 800 to 1000
ships.

27. The system or method of claim 26, wherein once the
threshold is exceeded, the probability of detecting
the radio frequency signal drops substantially.

Patentansprüche

1. Satellitensystem zum Erkennen von Funkfrequenz-
signalen, um eine Mehrzahl von Zonensignalen zu
erzeugen, wobei das System Folgendes umfasst:

a) wenigstens zwei Sensoren (502, 504), jeder
Sensor (502, 504) zum:

(i) Empfangen einer Mehrzahl von Funkfre-
quenzsignalen, wobei jedes Funkfrequenz-
signal eine Mehrzahl von Nachrichten um-
fasst; und
(ii) Ausgeben eines Sensorsignals, das die
empfangene Mehrzahl von Funkfrequenz-
signalen repräsentiert;

b) eine Verarbeitungseinheit (506) zum:

(i) Kombinieren der Sensorsignale zu einem
anfänglichen Satz von mathematischen
Kombinationen, um eine Mehrzahl von Zo-
nensignalen zu erzeugen, die Zonen reprä-
sentieren, die das Sichtfeld des Satelliten-
systems segmentieren; und
(ii) Kombinieren der Sensorsignale zu jus-
tierten mathematischen Kombinationen,
um eine Mehrzahl von Zonensignalen zu er-
zeugen, die Zonen mit justierten Charakte-
ristiken repräsentieren;

c) einen Controller (512) zum:

(i) adaptiven Selektieren der justierten ma-
thematischen Kombinationen auf der Basis
von Charakteristiken der von der Verarbei-
tungseinheit (506) erzeugten Zonensigna-
le; und
(ii) Ausgeben eines Steuersignals, das die
adaptiv gewählten justierten mathemati-
schen Kombinationen an die Verarbei-
tungseinheit (506) weiterleitet; und

d) wenigstens einen Empfänger (508) zum Ex-
trahieren von einer oder mehreren aus der
Mehrzahl von in den Zonensignalen enthaltenen
Nachrichten, produziert durch Kombinieren der
Sensorsignale zu den justierten mathemati-
schen Kombinationen;

dadurch gekennzeichnet, dass die Funkfrequenz-
signale von Schiffen gesendete automatische Iden-
tifikationssystem-(AIS)-Signale sind, und dadurch,
dass jede Zone der durch mathematisches Kombi-
nieren der Sensorsignale erzeugten Zonensignale
eine Anzahl von Schiffen hat, die kleiner ist als eine
Empfängererkennungsschwelle.

2. Satellitensystem nach Anspruch 1, wobei jedes der
Zonensignale von den anderen Zonensignalen sta-
tistisch unabhängig ist.

3. Satellitensystem nach Anspruch 1, wobei der Cont-
roller (510) den anfänglichen Satz von mathemati-
schen Kombinationen auswählt.

4. Satellitensystem nach Anspruch 1, 2 oder 3, wobei
der Controller (510) die justierten mathematischen
Kombinationen auf der Basis von wenigstens einem
der Folgenden adaptiv auswählt: Gesamtsignalleis-
tung von wenigstens einem Zonensignal, Bandbrei-
tenvariationen von wenigstens einem Zonensignal,
der Amplitudenverteilung von wenigstens einem Zo-
nensignal, der Phasenverteilung von wenigstens ei-
nem Zonensignal, einem Augendiagramm von we-
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nigstens einem Zonensignal, der Phasentrajektorie
von wenigstens einem Zonensignal, Kreuzkorrelati-
on von wenigstens zwei Zonensignalen, Kreuzkova-
rianz von wenigstens zwei Zonensignalen, Kohären-
zanalyse von wenigstens einem Zonensignal und,
für jedes der vorangegangenen gewählten Zeitseg-
mente des Zonensignals, die ein oder mehrere
Nachrichtensegmente repräsentieren, der Anzahl
von aus wenigstens einem Zonensignal extrahierten
Nachrichten und der Fehlerrate von wenigstens ei-
nem Zonensignal.

5. Satellitensystem nach einem der Ansprüche 1 bis 4,
wobei der Controller (510) die mathematischen
Kombinationen aus einer vordefinierten Liste von
mathematischen Kombinationen auswählt.

6. Satellitensystem nach einem der Ansprüche 1 bis 5,
das ferner eine Screening-Einheit (514) umfasst, die
mit dem wenigstens einen Empfänger zum Eliminie-
ren von Nachrichtenduplikaten gekoppelt ist.

7. Satellitensystem nach Anspruch 6, wobei die Scree-
ning-Einheit (510) ein bestimmtes Nachrichtendup-
likat auf der Basis der Bitfehlerrate des Nachrichten-
duplikats und/oder von historischen Daten in Bezug
auf die Quelle des Nachrichtenduplikats zur Elimi-
nierung auswählt.

8. Satellitensystem nach Anspruch 6, wobei die Scree-
ning-Einheit (514) ferner zum Dezimieren von nicht
duplizierten Nachrichten aus derselben Quelle dient.

9. Satellitensystem nach einem der Ansprüche 1 bis 8,
das ferner eine Speichereinheit zum Speichern der
Zonensignale vor der sequentiellen Verarbeitung
der Zonensignale mit dem wenigstens einen Emp-
fänger umfasst.

10. Satellitensystem nach Anspruch 9, das ferner we-
nigstens einen Analog-Digital-Wandler (606) zum
Umwandeln der Zonensignale in digitale Zonensig-
nale umfasst, wobei die digitalen Zonensignale in
der Speichereinheit gespeichert sind.

11. Satellitensystem nach einem der Ansprüche 1 bis
10, das ferner eine Mehrzahl von Empfängern (508)
umfasst, jeder Empfänger (508) zum Extrahieren der
Mehrzahl von in einem der Zonensignale enthalte-
nen Nachrichten.

12. Satellitensystem nach einem der Ansprüche 1 bis
11, wobei die wenigstens zwei Sensoren (502, 504)
unterschiedliche Polarisationen haben.

13. Satellitensystem nach einem der Ansprüche 1 bis
12, wobei die wenigstens zwei Sensoren (502, 504)
ein Sichtfeld haben und die Deckung jedes Zonen-

signals kleiner ist als das Sichtfeld des Satelliten.

14. Verfahren zum Erkennen von Funkfrequenzsigna-
len mit einem Satelliten zum Erzeugen einer Mehr-
zahl von Zonensignalen, wobei das Verfahren Fol-
gendes beinhaltet:

a) Empfangen, durch jeden aus einer Mehrzahl
von Sensoren (502, 504), einer Mehrzahl von
Funkfrequenzsignalen, wobei jedes Funkfre-
quenzsignal eine Mehrzahl von Nachrichten
enthält;
b) Ausgeben, durch jeden aus der Mehrzahl von
Sensoren, eines Sensorsignals, das für die
empfangene Mehrzahl von Funkfrequenzsigna-
len repräsentativ ist;
c) Auswählen eines anfänglichen Satzes von
mathematischen Kombinationen der Sensorsi-
gnale;
d) Kombinieren der Sensorsignale zu dem an-
fänglichen Satz von mathematischen Kombina-
tionen, um eine Mehrzahl von Zonensignalen zu
erzeugen, die Zonen repräsentieren, die das
Sichtfeld des Satelliten segmentieren;
e) adaptives Auswählen von justierten mathe-
matischen Kombinationen auf der Basis der
Charakteristiken der durch Kombinieren der
Sensorsignale zu dem anfänglichen Satz von
mathematischen Kombinationen erzeugten Zo-
nensignale, um die Wahrscheinlichkeit des
Rückgewinnens der Mehrzahl von Nachrichten
zu erhöhen;
f) Kombinieren der Sensorsignale zu den jus-
tierten mathematischen Kombinationen, um ei-
ne Mehrzahl von Zonensignalen zu erzeugen,
die Zonen mit justierten Charakteristiken reprä-
sentieren; und
g) Extrahieren von einer oder mehreren aus der
Mehrzahl von in den Zonensignalen enthaltenen
Nachrichten, erzeugt durch Kombinieren der
Sensorsignale zu den justierten mathemati-
schen Kombinationen;

dadurch gekennzeichnet, dass die Funkfrequenz-
signale von Schiffen gesendete automatische Iden-
tifikationssystem-(AIS)-Signale sind, und dadurch,
dass jede Zone der durch mathematisches Kombi-
nieren der Sensorsignale erzeugten Zonensignale
eine Anzahl von Schiffen hat, die kleiner ist als eine
Empfängererkennungsschwelle.

15. Verfahren nach Anspruch 14, wobei jedes der Zo-
nensignale von den anderen Zonensignalen statis-
tisch unabhängig ist.

16. Verfahren nach Anspruch 14 oder 15, wobei die jus-
tierten mathematischen Kombinationen auf der Ba-
sis von wenigstens einem der Folgenden adaptiv ge-
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wählt werden: Gesamtsignalleistung von wenigs-
tens einem Zonensignal, Bandbreitenvariationen
von wenigstens einem Zonensignal, der Amplituden-
verteilung von wenigstens einem Zonensignal, der
Phasenverteilung von wenigstens einem Zonensig-
nal, einem Augendiagramm von wenigstens einem
Zonensignal, der Phasentrajektorie von wenigstens
einem Zonensignal, Kreuzkorrelation von wenigs-
tens zwei Zonensignalen, Kreuzkovarianz von we-
nigstens zwei Zonensignalen, Kohärenzanalyse von
wenigstens einem Zonensignal, und für jedes der
obigen ausgewählten Zeitsegmente des Zonensig-
nals, die ein oder mehrere Nachrichtensegmente re-
präsentieren, der Anzahl von aus wenigstens einem
Zonensignal extrahierten Nachrichten und der Feh-
lerrate von wenigstens einem Zonensignal.

17. Verfahren nach Anspruch 14, 15 oder 16, wobei die
mathematischen Kombinationen aus einer vordefi-
nierten Liste von mathematischen Kombinationen
ausgewählt sind.

18. Verfahren nach einem der Ansprüche 14 bis 17, das
ferner das Eliminieren von Nachrichtenduplikaten
beinhaltet.

19. Verfahren nach Anspruch 18, wobei ein bestimmtes
Nachrichtenduplikat auf der Basis der Bitfehlerrate
des Nachrichtenduplikats und/oder von historischen
Daten in Bezug auf die Quelle des Nachrichtendup-
likats zum Eliminieren ausgewählt wird.

20. Verfahren nach Anspruch 14, das ferner das Dezi-
mieren von nicht duplizierten Nachrichten aus der-
selben Quelle beinhaltet.

21. Verfahren nach einem der Ansprüche 14 bis 20, wo-
bei die Zonensignale sequentiell von einem einzel-
nen Empfänger (508) verarbeitet werden, um we-
nigstens eine darin enthaltene Nachricht zu extra-
hieren.

22. Verfahren nach einem der Ansprüche 14 bis 21, wo-
bei die Zonensignale gleichzeitig von einer Mehrzahl
von Empfängern (508) verarbeitet werden, um die
wenigstens eine darin enthaltene Nachricht zu ex-
trahieren.

23. Verfahren nach einem der Ansprüche 14 bis 22, wo-
bei die wenigstens zwei Sensoren (502, 504) unter-
schiedliche Polarisationen haben.

24. Verfahren nach einem der Ansprüche 14 bis 23, wo-
bei der Satellit (12) ein Sichtfeld hat und die Deckung
jedes Zonensignals kleiner ist als das Sichtfeld des
Satelliten (12) .

25. System nach einem der Ansprüche 1 bis 13 oder

Verfahren nach einem der Ansprüche 14 bis 24, wo-
bei die wenigstens zwei Sensoren (502, 504) Mono-
pol-Antennen, Patchantennen oder Spiralantennen
desselben Typs oder unterschiedlicher Typen sind
oder eine Mischung von linearen, elliptischen und
kreisförmigen Polarisationen haben.

26. System nach einem der Ansprüche 1 bis 13 oder 25
oder Verfahren nach einem der Ansprüche 14 bis
25, wobei die Empfängererkennungsschwelle im
Bereich von 800 bis 1000 Schiffen liegt.

27. System oder Verfahren nach Anspruch 26, wobei
die Wahrscheinlichkeit der Erkennung des Funkfre-
quenzsignals nach dem Erreichen der Schwelle er-
heblich abfällt.

Revendications

1. Système de satellite pour détecter des signaux de
radiofréquence afin de produire une pluralité de si-
gnaux de zones, le système comprenant :

a) au moins deux capteurs (502, 504), chaque
capteur (502, 504) étant destiné à

(i) recevoir une pluralité de signaux de ra-
diofréquence, chaque signal de radiofré-
quence comprenant une pluralité de
messages ; et
(ii) produire en sortie un signal de capteur
qui est représentatif de la pluralité reçue de
signaux de radiofréquence ;

b) une unité de traitement (506) destinée à :

(i) combiner les signaux de capteurs en un
ensemble initial de combinaisons mathé-
matiques pour produire une pluralité de si-
gnaux de zones représentant des zones qui
segmentent le champ de vision du système
de satellite ; et
(ii) combiner les signaux de capteurs en
combinaisons mathématiques ajustées
pour produire une pluralité de signaux de
zones représentant des zones ayant des
caractéristiques ajustées ;

c) un contrôleur (512) destiné à :

(i) sélectionner de façon adaptative les
combinaisons mathématiques ajustées en
fonction de caractéristiques des signaux de
zones produits par l’unité de traitement
(506) ; et
(ii) produire en sortie un signal de comman-
de relayant les combinaisons mathémati-
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ques ajustées sélectionnées de façon
adaptative à l’unité de traitement (506) ; et

d) au moins un récepteur (508) pour extraire un
ou plusieurs de la pluralité de messages conte-
nus dans les signaux de zones produits en com-
binant les signaux de capteurs en les combinai-
sons mathématiques ajustées ;

caractérisé en ce que les signaux de radiofréquen-
ce sont des signaux de système d’identification auto-
matique (AIS) envoyés par des navires et en ce que
chaque zone des signaux de zones qui sont produits
par la combinaison mathématique des signaux de
capteurs a un nombre de navires inférieur à un seuil
de détection de récepteur.

2. Système de satellite selon la revendication 1, dans
lequel chacun des signaux de zones est statistique-
ment indépendant des autres signaux de zones.

3. Système de satellite selon la revendication 1, dans
lequel le contrôleur (512) sélectionne l’ensemble ini-
tial de combinaisons mathématiques.

4. Système de satellite selon la revendication 1, 2 ou
3 dans lequel le contrôleur (512) sélectionne de fa-
çon adaptative les combinaisons mathématiques
ajustées en fonction d’au moins l’un des éléments
suivants : la puissance de signal totale d’au moins
un signal de zone, les variations de largeur de bande
d’au moins un signal de zone, la distribution d’am-
plitude d’au moins un signal de zone, la distribution
de phase d’au moins un signal de zone, un diagram-
me d’oeil d’au moins un signal de zone, la trajectoire
de phase d’au moins un signal de zone, l’intercorré-
lation d’au moins deux signaux de zones, la cova-
riance croisée d’au moins deux signaux de zones,
l’analyse de cohérence d’au moins un signal de zo-
ne, et pour chacun des éléments précédents, des
segments temporels sélectionnés du signal de zone,
représentant un ou plusieurs segments de message,
le nombre de messages extraits d’au moins un signal
de zone, et le taux d’erreurs d’au moins un signal de
zone.

5. Système de satellite selon l’une quelconque des re-
vendications 1 à 4, dans lequel le contrôleur (512)
sélectionne les combinaisons mathématiques à par-
tir d’une liste prédéfinie de combinaisons mathéma-
tiques.

6. Système de satellite selon l’une quelconque des re-
vendications 1 à 5, comprenant en outre une unité
de filtrage (514) couplée à l’au moins un récepteur
pour éliminer les messages dupliqués.

7. Système de satellite selon la revendication 6, dans

lequel l’unité de filtrage (514) sélectionne un mes-
sage dupliqué particulier à éliminer en fonction soit
d’un taux d’erreurs sur les bits du message dupliqué,
soit de données historiques relatives à la source du
message dupliqué, ou en fonction des deux.

8. Système de satellite selon la revendication 6, dans
lequel l’unité de filtrage (514) sert en outre à la dé-
cimation de messages non dupliqués provenant de
la même source.

9. Système de satellite selon l’une quelconque des re-
vendications 1 à 8, comprenant en outre une unité
de mémoire pour mémoriser les signaux de zones
avant le traitement séquentiel des signaux de zones
par l’au moins un récepteur.

10. Système de satellite selon la revendication 9, com-
prenant en outre au moins un convertisseur analo-
gique/numérique (606) pour convertir les signaux de
zones en signaux de zones numériques, les signaux
de zones numériques étant mémorisés dans l’unité
de mémoire.

11. Système de satellite selon l’une quelconque des re-
vendications 1 à 10, comprenant en outre une plu-
ralité de récepteurs (508), chaque récepteur (508)
étant destiné à extraire la pluralité de messages con-
tenus dans l’un des signaux de zones.

12. Système de satellite selon l’une quelconque des re-
vendications 1 à 11, dans lequel les au moins deux
capteurs (502, 504) ont des polarisations différentes.

13. Système de satellite selon l’une quelconque des re-
vendications 1 à 12, dans lequel les au moins deux
capteurs (502, 504) ont un champ de vision et la
couverture de chaque signal de zone est inférieure
au champ de vision du satellite.

14. Procédé de détection de signaux de radiofréquence
en utilisant un satellite afin de produire une pluralité
de signaux de zones, le procédé comprenant :

a) la réception par chacun d’une pluralité de cap-
teurs (502, 504), d’une pluralité de signaux de
radiofréquence, chaque signal de radiofréquen-
ce comprenant une pluralité de messages ;
b) la production en sortie par chacun de la plu-
ralité de capteurs d’un signal de capteur qui est
représentatif de la pluralité reçue de signaux de
radiofréquence ;
c) la sélection d’un ensemble initial de combi-
naisons mathématiques des signaux de
capteurs ;
d) la combinaison des signaux de capteurs en
l’ensemble initial de combinaisons mathémati-
ques pour produire une pluralité de signaux de
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zones représentant des zones qui segmentent
le champ de vision du système de satellite ;
e) la sélection adaptative des combinaisons ma-
thématiques ajustées en fonction de caractéris-
tiques des signaux de zones produits par la com-
binaison des signaux de capteurs en l’ensemble
initial de combinaisons mathématiques pour
augmenter la probabilité de récupération de la
pluralité de messages ;
f) la combinaison des signaux de capteurs en
les combinaisons mathématiques ajustées pour
produire une pluralité de signaux de zones ayant
des caractéristiques ajustées ; et
g) l’extraction d’un ou de plusieurs de la pluralité
de messages contenus dans les signaux de zo-
nes produits en combinant les signaux de cap-
teurs en les combinaisons mathématiques
ajustées ;

caractérisé en ce que les signaux de radiofréquen-
ce sont des signaux de système d’identification auto-
matique (AIS) envoyés par des navires et en ce que
chaque zone des signaux de zones produits par la
combinaison mathématique des signaux de cap-
teurs a un nombre de navires inférieur à un seuil de
détection de récepteur.

15. Procédé selon la revendication 14, dans lequel cha-
cun des signaux de zones est statistiquement indé-
pendant des autres signaux de zones.

16. Procédé selon la revendication 14 ou 15, dans lequel
les combinaisons mathématiques ajustées sont sé-
lectionnées de façon adaptative en fonction d’au
moins l’un des éléments suivants : la puissance de
signal total d’au moins un signal de zone, les varia-
tions de largeur de bande d’au moins un signal de
zone, la distribution d’amplitude d’au moins un signal
de zone, la distribution de phase d’au moins un signal
de zone, un diagramme d’oeil d’au moins un signal
de zone, la trajectoire de phase d’au moins un signal
de zone, l’intercorrélation d’au moins deux signaux
de zones, la covariance croisée d’au moins deux si-
gnaux de zones, l’analyse de cohérence d’au moins
un signal de zone, et pour chacun des éléments pré-
cédents, des segments temporels sélectionnés du
signal de zone, représentant un ou plusieurs seg-
ments de message, le nombre de messages extraits
d’au moins un signal de zone, et le taux d’erreurs
d’au moins un signal de zone.

17. Procédé selon les revendications 14, 15 ou 16, dans
lequel les combinaisons mathématiques sont sélec-
tionnées à partir d’une liste prédéfinie de combinai-
sons mathématiques.

18. Procédé selon l’une quelconque des revendications
14 à 17, comprenant en outre l’élimination de mes-

sages dupliqués.

19. Procédé selon la revendication 18, dans lequel un
message dupliqué particulier à éliminer est sélec-
tionné en fonction soit d’un taux d’erreurs sur les bits
du message dupliqué, soit de données historiques
relatives à la source du messages dupliqué, ou en
fonction des deux.

20. Procédé selon la revendication 14, comprenant en
outre la décimation de messages non dupliqués de-
puis la même source.

21. Procédé selon l’une quelconque des revendications
14 à 20, dans lequel les signaux de zones sont traités
séquentiellement par un même récepteur (508) pour
extraire au moins un message contenu dans ceux-ci.

22. Procédé selon l’une quelconque des revendications
14 à 21, dans lequel les signaux de zones sont traités
simultanément par une pluralité de récepteurs (508)
pour extraire l’au moins un message contenu dans
ceux-ci.

23. Procédé selon l’une quelconque des revendications
14 à 22, dans lequel les au moins deux capteurs
(502, 504) ont des polarisations différentes.

24. Procédé selon l’une quelconque des revendications
14 à 23, dans lequel le satellite (12) a un champ de
vision et la couverture de chaque signal de zone est
inférieure au champ de vision du satellite (12).

25. Système selon l’une quelconque des revendications
1 à 13, ou procédé selon l’une quelconque des re-
vendications 14 à 24, dans lequel les au moins deux
capteurs (502, 504) sont des antennes unipolaires,
des antennes à plaque ou des antennes hélicoïdales
du même type ou de types différents, ou ont un mé-
lange de polarisations linéaire, elliptique et circulai-
re.

26. Système selon l’une quelconque des revendications
1 à 13 ou 25, ou procédé selon l’une quelconque
des revendications 14 à 25, dans lequel le seuil de
détection de récepteur est compris dans une plage
de 800 à 1000 navires.

27. Système ou procédé selon la revendication 26, dans
lequel une fois que le seuil est dépassé, la probabilité
de détection du signal de radiofréquence chute sen-
siblement.
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